The formation of the shell of Biomphalaria glabrata was studied in dissected embryos and egg masses with scanning electron microscopy, electron spectroscopic imaging (ESI), thermogravimetry, synchrotron powder diffraction and Ca K-edge X-ray absorption spectroscopy (EXAFS). The results show that shell formation starts by accumulation of calcium below the periostracum at an age of about 60 h. At first, amorphous calcium carbonate is precipitated. EXAFS studies reveal that an aragonitic structure is already present at a microscopic level in this amorphous precursor phase. The first crystalline phase (calcium carbonate in the form of aragonite) can be detected at an age of 72 h. It is concluded that amorphous calcium carbonate initially present is transformed into crystalline aragonite during embryonic development, without vaterite appearing as a potential intermediate.
INTRODUCTION
Although many aspects of the biological formation of hard tissues have been revealed in recent decades (Leadbeater & Riding, 1986; Lowenstam & Weiner, 1989; Addadi & Weiner, 1992; Mann, 1995 Mann, , 1996 Mann, , 2000 Ozin, 1997; Weiner & Addadi, 1997; Baeuerlein, 2000) , the main mechanisms of biomineralization are still under debate. All biominerals are composite materials, consisting of an organic matrix and the inorganic mineral (Lowenstam & Weiner, 1989) . The concept of an organic matrix that controls nucleation and growth of the inorganic crystals, and thereby dictates their shape and morphology, is now well accepted (Addadi & Weiner, 1992; Falini, Albeck, Weiner & Addadi, 1996; Weiner & Addadi, 1997; Levi, Albeck, Brack, Weiner & Addadi, 1998) . It is unknown, however, how the mineral is deposited within the framework of organic material, i.e. how these two components interact in detail.
For several reasons, molluscs are especially well suited to study biomineralization in vivo. The molluscan shell, consisting of calcium carbonate (95-99.9%) and organic material (5-0.1%) in its final state (Hare & Abelson, 1965) , is a useful model. As there is already detailed knowledge available about the shell of the freshwater snail Biomphalaria glabrata (Say) (Bielefeld & Becker, 1991; Bielefeld, Körtje & Becker, 1992a; Bielefeld, Zierold Körtje & Becker, 1992b; Bielefeld, Körtje, Rahmann & Becker, 1993a; Bielefeld, Peters & Becker, 1993b; Marxen & Becker, 1997; Marxen, Hammer, Gehrke & Becker, 1998; Becker, Marxen, Epple & Reelsen, 2000; Marxen, Reelsen & Becker, 2001) , we chose this organism to address shell formation from a structural point of view. The cross-lamellar structured shell consists of calcium carbonate in the aragonite form with minor amounts of vaterite (Hasse, Ehrenberg, Marxen, Becker & Epple, 2000) .
We wanted to focus on the question whether the mineral is deposited first as amorphous calcium carbonate ('ACC'), which then undergoes a phase transformation (recrystallization) to crystalline aragonite, possibly via vaterite (according to Ostwald's step rule), or whether it is deposited directly in its final form of aragonite. Extensive studies on the formation and stabilization of amorphous calcium carbonate were recently reported by Weiner, Addadi and co-workers (Aizenberg, Lambert, Addadi & Weiner, 1996; Beniash, Aizenberg, Addadi & Weiner, 1997; Levi-Kalisman, Raz, Weiner, Addadi & Sagi, 2000 Aizenberg, Lambert, Weiner & Addadi, 2002) . They have suggested that this material (which is very unstable in the synthetic laboratory) is of high importance as a precursor and as an isotropic building material in biomineralization.
In the case of snails, analysis of embryos of different ages offers the opportunity to obtain such data. Each single egg of B. glabrata develops within one egg capsule. About 30 eggs are held together by an additional outer protective membrane to form one egg mass. The embryos break through their egg capsules and the membrane of the egg mass with fully developed shells after about 6 days of development. The snail shell is built by the shell-forming tissue. In adults, it consists of a sequence of specialized epithelial cells that, with the help of specific morphological markers and enzyme patterns, can be divided into clearly separated zones (Timmermanns, 1969; Bielefeld et al., 1993a,b) . In embryos, these functional units of the tissue develop step by step. To obtain information about the calcium carbonate deposition in the shell in statu nascendi, the inorganic part of the embryonic shells as well as the shell-forming tissue were investigated by an interdisciplinary collaboration.
The first appearance of calcium in the embryonic shell and shell-forming tissue was observed by electron spectroscopic imaging (ESI) and the mineral structure was studied by X-ray diffraction (XRD) and X-ray absorption spectroscopy (EXAFS). Since the progress of embryogenesis strongly depends on the external conditions, the shell-forming process was also followed by scanning electron microscopy (SEM), thereby obtaining information about the morphology of the developing embryo.
MATERIALS AND METHODS

Nomenclature of samples
In this report, the following terms are used consistently: 'complete egg mass' for an egg mass including outer membrane, egg capsules and embryos; 'empty egg mass' for an egg mass including outer membrane and egg capsules, but excluding embryos; 'dissected embryos' for embryos taken out of the egg mass, i.e. excluding outer membrane and egg capsules.
Animals
Newly-laid egg masses from the tropical freshwater snail Biomphalaria glabrata (Say), strain Puerto Rico, were kept in aerated tap water at 28 Ϯ 0.5°C. The egg masses were collected after 48, 54, 60, 72, 96 and 120 h of development, and after cooling to 8°C the embryos were carefully removed from the eggs capsules. Complete egg masses were lyophilized before EXAFS and thermogravimetry. Special care was taken to remove all embryos to obtain empty egg masses for further investigation.
Scanning electron microscopy (SEM)
For SEM, the embryos were rinsed with 50 mM tris-maleate buffer, pH 7.4 and fixed for 2 h at 20°C in 2% glutaraldehyde (E.M. grade, Agar Scientific) in 20 mM tris-maleate buffer, pH 7.4. After that they were washed three times with 20 mM tris-maleate buffer at 4°C. Postfixation was performed with 1% osmium tetroxide reduced by 1.5% potassium hexacyanoferrate (II) for 1 h at 4°C (Karnovsky, 1961) . After washing with the same buffer, the specimens were dehydrated in ascending series of ethanol, transferred to amyl acetate/ethanol (3:1) and critical-point dried. The embryos were glued on specimen holder tubs with double-sided tape, sputter-coated with gold and examined by scanning electron microscopy (Leo 1525 Gemini).
Electron spectroscopic imaging (ESI)
For the observation of calcium in the shell, the embryos were fixed for 2 h at 20°C in 2% glutaraldehyde (E.M. grade, Agar Scientific) in 20 mM phosphate buffer, pH 7.4 (Probst, 1986) . After rinsing three times with 20 mM phosphate buffer at 4°C the samples were postfixed with 1% phosphate-buffered osmium tetroxide for 1 h at 4°C. After washing with buffer and dehydration in ascending series of ethanol, the specimens were embedded in Spurr's medium (Spurr, 1969) . Ultra-thin sections of 30-45 nm were cut with a diamond knife, placed on uncoated thin-bar copper grids (300 mesh) and analysed without further treatment on a transmission electron microscope (Zeiss EM 902 A). Electron spectroscopic imaging was performed by measuring the energy loss above (E ϭ 358 eV) and below (E ϭ 341 eV) the specific absorption for calcium (E ϭ 346.4 eV) at an acceleration voltage of 80 kV (Ahn & Krivanek, 1983) . The net calcium distribution image was obtained by computer-assisted calculation of the difference. Normal imaging was done at 200 eV.
Extended X-ray absorption fine structure (EXAFS)
The embryos were briefly rinsed with 50 mM tris-maleate buffer, pH 7.4 and air-dried on filter paper. After deep-freezing at -70°C for 1 h the samples were lyophilized. About 3200 embryos with an age of 60 h, 2200 of 72 h, 900 of 96 h and 600 embryos of 120 h were analysed. EXAFS experiments were carried out at the Hamburger Synchrotronstrahlungslabor (HASYLAB) at Deutsches Elektronen-Synchrotron (DESY), Hamburg, at beamline E4. The DORIS III storage ring was operated at 4.5 GeV positron energy and currents of 70-150 mA. The incoming synchrotron beam was monochromatized by a Si double-crystal. Experiments were performed at the Ca K-edge (c. 4038 eV) in transmission mode at room temperature. The slightly ground samples were fixed in a thin layer on adhesive tape. For quantitative data evaluation we used the programs SPLINE and XFIT (Ellis & Freeman, 1995) . Theoretical standards were computed with the program FEFF 6.01a (Zabinsky, Rehr, Ankudinov, Albers & Eller, 1995) using the crystal structure of aragonite by de Villiers as input data (de Villiers, 1971) . All fits were carried out with k 3 -weighted data in R-space. The amplitude reduction factor S o 2 was fixed to 0.60. The co-ordination numbers for all fitted shells were kept to the values derived from the aragonite crystal structure (9 O, 3 C, 3 C, 6 Ca), except for the reference samples calcite and vaterite. The restriction introduced into the fits by keeping the co-ordination numbers constant did not significantly influence the shell distances obtained from the fit. This is typical for EXAFS evaluations as shell radius (corresponding to wavelength of EXAFS oscillation) and co-ordination number (corresponding to amplitude of EXAFS oscillation) are not strongly correlated. Fits with other co-ordination numbers for the first calcium-oxygen shell (6, 12) gave the same shell distances within the usual error margin of EXAFS experiments (Ϯ0.02 Å).
X-ray powder diffractometry
High-resolution X-ray powder diffractometry was carried out in transmission geometry (ground samples on Kapton foil) at beamline B2 at HASYLAB/DESY, Hamburg, Germany, with wavelengths of λ ϭ 1.20655 and 1.35724(2) Å.
Thermogravimetry
About 5-15 mg of each sample was heated in platinum crucibles on a Seiko S II TG/DTA 6200 instrument with 10 K min -1 from 25 to 900°C under air atmosphere. This temperature is high enough to observe quantitatively the decarboxylation of calcium carbonate to calcium oxide (c. 550-800°C under these conditions). The ratio of the remaining calcium oxide and the preceding mass loss due to carboxylation are related by the molecular weights of these compounds: CaCO 3 (M ϭ 100) Ǟ CaO (M ϭ 56) ϩ CO 2 (M ϭ 44). The amount of the residues was too small to be analysed for its chemical composition, but the relative height of the decarboxylation step compared to the final weight is a good indication of calcium oxide as final product and calcium carbonate as mineral component in the samples.
RESULTS
Scanning electron microscopy (SEM)
Embryos of B. glabrata, raised at 28Ϯ0.5°C, leave their egg capsules after 120-144 h. 48 h after oviposition the trochophore larva is spherical and divided into animal and vegetal poles by the prototroch (Fig. 1A) . Already at this age the shell field is visible on the caudal side (Fig. 1B) . The shell field is covered with periostracum, the outer protective sheet of sclerotized proteins, which has a diameter of about 40 m at this age. In the centre of the shell beneath the periostracum the tissue forms a hole, the so-called shell-field invagination. The periostracum is surrounded by a ring of cells that are tightly covered with microvilli. After 60 h of development, the larva has reached the 'hippo-stage' (Fig. 1C ) and the shell, still almost circular, has a diameter of about 110 m (Fig. 1D) . In the 72-h-old embryo the shell has an oval shape and sits on the embryo like a cap (Fig.  1E) . After 24 h, the embryo has mainly grown in size and the shell starts to coil over the right side of the animal (Fig. 1F) . After 120 h, the shell completely covers the body and has an outer appearance as in the adult (Fig. 1G) . The youngest part of the shell (about 170 m in length) is only partly mineralized so that the unstabilized periostracum hangs loosely. Observation of the shell edge from inside does not show a distinct J. C. MARXEN ET AL. Scanning electron microscopy on embryos of Biomphalaria glabrata. A. Spherical trochophore larva 48 h after oviposition. Frontolateral view showing on top the apical (AP) and the cephalic plates (CP), in front the stomodaeum (St) with curved ciliary bands to the sides, the prototroch (Pt) and below the foot anlagen (FA) with a ciliary band (CB) in the centre. B. Trochophore larva 48 h after oviposition. Caudal view, showing the shell field (SF), which is covered with the periostracum and surrounded by a ring of cells with apical microvilli. In the centre, the periostracum is sunk into the shell-field invagination (arrow). To the sides of the embryo are both caudal ends of the prototroch (Pt), on top the apical plate (AP). C. Veliger larva of 60 h. Frontolateral view with the apical plate (AP) on top. The tentacles (T) are beginning to form above the prototroch (Pt). The foot (F) below the stomodaeum (St) is indented behind the ciliary band (CB), caudally the shell (S) is visible. D. Veliger larva of 60 h. Caudal view, presenting the shell (S), apical plate (AP) to the left, tentacle (T), prototroch (Pt) and foot (F) at the back. The periostracum edge (arrows) is surrounded by microvillous cells. E. Embryo of 72 h, laterofrontal view. On the left side of the embryo the pulmonary cavity (PC) has formed and the rectal ridge (RR) protrudes. The shell covers the embryo like a cap and the mantle rim (MR) with dots of cilia has elevated. Stomodaeum (St), tentacle (T), foot (F), proctodaeum (arrow). F. Embryo of 96 h. Frontolateral view, showing the stomodaeum (St), the now fully ciliated foot (F), tentacles (T), pulmonary cavity (PC) with rectal ridge (RR) and proctodaeum (arrow). The body is almost covered by the shell (S). Mantle rim (MR). G. Embryo of 120 h shortly before hatching, lateral view. The animal is able to withdraw itself completely into the shell, which now has 1.25 turns. The anterior part of the shell is not fully mineralized (arrows). H. Embryo of 120 h, view inside the shell. Mantle rim (MR), foot (F) and midgut gland (MG) of the animal can be identified. The line between the soft and the hard parts of the shell is indicated by arrows. mineralization front but a more gradual change in mineralization (Fig. 1H) . When the shell has formed 1.5 turns between 120 and 144 h the embryos are ready to leave their egg capsules.
Electron spectroscopic imaging (ESI)
The development of the shell-forming tissue of embryos of B. glabrata corresponds to the changes in the outer appearance. The localization of cell types in the shell-forming tissue of embryos between 60 and 80 h after oviposition is shown schematically in Figure 2 . Generally, the distal zones of the mantle edge (zones 1 and 2) produce the outer protective periostracum, the intercrystalline matrix is probably synthesized by the mantle edge gland (zone 3), while the delivery of calcium is the task of the most proximal zones of the mantle (zones 4 and 5; Bielefeld et al., 1992a,b; Marxen, Witten, Finke, Reelsen, Rezgaoui & Becker, 2002) .
Ultra-thin sections through this region were investigated by electron spectroscopic imaging for the occurrence of calcium. All cell types of the shell-forming tissue showed increasing amounts of intracellular calcium with increasing age (Table 1) . In embryos of 54 h no calcium was visible except for some background, neither intracellular or apical nor under the periostracum (Fig. 3A) . After 60 h the amount of intracellular calcium was slightly raised above the background level. Apical calcium was absent in the cell type 1/2 (Fig. 3B) . It was present, however, in the cells of type 3 (proximal end) and type 4 (Fig.  3C) , as well as type 5 (Fig. 3D) . Furthermore, a strong layer of calcium was seen below the periostracum directly above the positive apices of these cells. A similar result was obtained with 72 h old embryos (Fig. 3E) . Here, also, those cells of type 3, which were in close proximity to type 4, as well as type 4 and 5 cells, showed apical calcium which was also present under the periostracum facing these regions. Figure 4 shows high-resolution diffraction experiments of both complete egg masses (i.e. egg capsules, outer membrane and embryos) and dissected embryos. The crystallization starts at 72 h with the first small diffraction peaks on dissected embryos. The background of the egg masses prevents the detection of the scattered signal in the non-dissected samples at this early stage, i.e. the concentration of crystalline calcium carbonate is too low in this case to contribute to the diffraction pattern. At 72 h, the complete egg masses are fully X-ray amorphous and, at later stages (120 h), crystallization can be observed. Note the difference from the dissected embryos that show strong diffraction peaks at 120 h. All detectable peaks belong to aragonite, and notably the other forms, vaterite and calcite could be excluded (detection limit about 0.5 wt% for a crystalline phase). Table 2 shows all crystallographic results. The empty egg masses were all completely X-ray amorphous. 
High-resolution X-ray diffraction
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Thermogravimetry
Thermogravimetric studies were carried out with complete egg masses from 1 h after oviposition, complete egg masses of 72 h and dissected embryos of 120 h, in order to obtain information about the mineral content. All samples were lyophilized beforehand, therefore, all values refer to the dry mass of the biological samples. The residue after heating to 900°C was 7.8, 6.5 and 22.8 wt%, respectively. If we assume that the residue is only CaO that remained after decarboxylation of CaCO 3 , we can compute a corresponding mineral content of 13.9, 11.6 and 40.7 wt%. This was supported by inspection of the TG-curves that showed a mass loss (CO 2 ) of the expected magnitude between 550 and 800°C. Unfortunately, the value of 2.8 wt% reported in (Hasse et al., 2000) for complete egg masses of 72 h was erroneous and is here corrected. Due to the limited amount of sample available, the computed content of CaCO 3 is associated with an error of about Ϯ3%, i.e. the final values are 14 Ϯ 3, 12 Ϯ 3 and 41 Ϯ 3%, and the calcium content of the egg masses of 1 h and 72 h is identical within this experimental error.
X-ray absorption spectroscopy (EXAFS) at the calcium edge
All samples, including freshly laid egg masses (1 h age) contained calcium as shown by a calcium absorption edge. EXAFS experiments on dissected embryos and complete egg masses showed that aragonitic structures are already present in 72-h-old complete egg masses (Table 3 , and Figs 5 and 6). For all younger samples, it was not possible to make EXAFS evaluations due to too small an edge. The structures correspond to aragonite as demonstrated by the comparison with calcite and vaterite samples (Table 3 ). The calcium content in the dissected embryos increased with age as shown qualitatively by the increasing edge step (the thickness of the EXAFS samples was roughly constant). 
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Complete egg masses Dissected Embryos
In general, the calcium within the empty egg masses was not susceptible to EXAFS analysis as the concentration was too small. However, it was possible to perform absorption experiments on samples with approximately the same thickness (as above) and thereby to gain some insight into the calcium content. Figure 7 shows EXAFS absorption spectra of empty egg masses of different age (i.e. with the embryos removed). It can be seen that the amount of calcium increases with increasing age (increasing edge step, proportional to the logarithm of calcium concentration) and that some fine structure (including a 'white line', i.e. a peak, at the edge) develops over time. This indicates an increasing structural order within the empty members of the egg masses. *Co-ordination number 6 oxygen. **Co-ordination by 2 oxygen and 2 carbon in one shell. ***Co-ordination by 6 carbon atoms. ****Co-ordination by 6 oxygen atoms. 
EMBRYONIC MINERALIZATION IN BIOMPHALARIA
E o / eV R/Å σ 2 ·10 3 /Å 2 R/Å σ 2 ·10 3 /Å 2 R/Å σ 2 ·10 3 /Å 2 R/Å σ 2 ·10 3 /Å 2 Egg masses 1 h ≈0.06 - - - - - - - - - Embryos 60 h <0.07 - - - - - - - - - Embryos 72 h ≈0 . 1 - - - - - - - - - Egg
DISCUSSION
In an earlier publication, we reported on the occurrence of amorphous calcium carbonate with aragonitic short-range order during the mineralization of embryos of Biomphalaria glabrata (Hasse et al., 2000) . Complete egg masses of 60, 72, 120 and 140 h were examined. The crystallization was found to start between the ages of 72 (X-ray amorphous) and 120 h (small aragonite reflections). EXAFS showed a preformed aragonitic structure in the 72 h old complete egg masses. Only complete egg masses were analysed, and therefore background effects could not be excluded and the signal-to-noise ratio was only moderate. In order to obtain a more comprehensive database we decided to study egg masses of different ages, to dissect embryos out of the egg capsules in order to avoid experimental artefacts, and to complement the microstructural studies with histology and electron microscopy. Evidence for the occurrence of calcium in the embryonic shell and shell-forming tissue was obtained by ESI after 60 h of development at 28°C. As in adults, where with different methods an enrichment of calcium was found in zone 4 and mainly in zone 5 (Bielefeld et al., 1992b) , this is also the case in embryonic snails. In contrast to adults, however, calcium is additionally present in cells towards the proximal end of zone 3. These embryonic type-3 cells add another inner layer to the periostracum (Marxen et al., 2001) , which may represent a sheet of preformed intercrystalline organic matrix. As soon as this inner layer is completed towards the proximal end of the type-3 cells, calcium seems to be incorporated immediately.
Although negative results were obtained after 54 h, it cannot be excluded that mineralized parts in the shell have a patchy distribution and are difficult to find in ultra-thin sections. Bielefeld et al. (1992b) observed calcium in the embryonic shell after 45 h of development by birefringence and energy-dispersive X-ray microanalysis. The embryos were about 6 h earlier in development compared to this investigation. However, birefringence is observed for light of a different wavelength (several 100 nm) compared to diffracted X-rays with a wavelength of some Å, therefore, birefringence does not necessarily point to a crystalline calcium mineral, but can also be caused by molecules of organic matrix. No calcium was found at that age by energydispersive X-ray analysis in our investigation.
The shell starts to form the first crystallites at an age of 72 h, as shown by X-ray powder diffraction. At this time, most of the mineral is still X-ray amorphous and crystallization occurs with increasing age. EXAFS supports the occurrence of an aragonitic structural order in these samples, i.e. amorphous calcium carbonate is formed as a precursor phase leading finally to aragonite.
The content of calcium carbonate in the complete egg masses remains constant at about 13 wt% from 1 to 72 h. Embryos of 120 h contain a considerably larger amount of CaCO 3 , about 41 wt%. Note that all samples were lyophilized and the calcium content refers to the dry mass. The measurement of the height of the Ca absorption edge indicates that the calcium content is increasing both in the empty egg masses, as well as in the dissected embryos. Although quantitative numbers are not available in all cases, this increase in calcium is significant and indicates that the egg masses take up calcium from the surrounding water. The additional calcium is incorporated into the embryo in the perivitelline fluid. Table 4 summarizes all results obtained. The first shell field appears at around 48 h; 12 h later the first calcium as amorphous calcium carbonate is observed in the embryonic shell and after another 12 h this has partly crystallized to aragonite.
In conclusion, the early stages of biomineralization in embryos of Biomphalaria glabrata were studied morphologically and structurally. Earlier results that indicated the presence of amorphous calcium carbonate as the first solid phase were confirmed. There is no indication of a crystalline precursor phase like vaterite; therefore, we conclude that aragonite develops from an amorphous calcium carbonate phase with aragonitic structure. There is an increase in the overall content of calcium in both the empty egg masses and in the embryos themselves, and there must therefore be an uptake of calcium from the environment during development. 
